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Abstrat
We estimate the reation mehanisms for the photoprodution of the Θ+(1540) resonane on
the nuleon, through K and K∗ Regge exhanges. We ompare the size of the ross setions for
the γn → K−Θ+ and γp → K¯0Θ+ reations, and investigate their sensitivity to the spin-parity
assignments JP = 12
±
, 32
±
for the Θ+ resonane. The model allows to estimate the ross setions
orresponding with a given upper bound on the width of the Θ+. Within this model, the ross
setions on the neutron are found to be around a fator 5 larger than the ones on the proton, due to
the presene of harged K exhange for the reation on a neutron target. Furthermore, the photon
asymmetry is found to display a pronouned sensitivity to the parity of the Θ+, making it a very
promising observable to help determining the quantum numbers of the Θ+ resonane.
PACS numbers: 13.60.Rj,13.60.Le,13.60.-r
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I. INTRODUCTION
Sine the announement of the rst laim of experimental evidene for the S = 1 baryon
resonane by Spring 8 [1℄ whih is well known as the Θ+ today, there has been a great
number of experiments reporting the observation of the Θ+ [2, 3, 4, 5, 6, 7, 8, 9, 10℄. These
experiments represent a great variety of nulear and partile physis experiments. The rst
experiment [1℄ is a photoprodution proess on arbon nulei. The subsequent experiments
searhed for the Θ+ in photoprodution on the nuleon [3, 4, 5℄, eletroprodution on the
nuleon [6, 10℄, and using kaon beams [2℄, neutrino beams [7℄ and hadron beams [8, 9℄. All of
these experiments have some weaknesses whih made any single laim for the Θ+ not robust.
If however taken together these experiments present signiant laim for the Θ+. Most of
the ritiism arises due to the low statistis of the data of most experiments, unertainty
in bakground estimates, spei angle uts applied for the data analysis [2, 4, 5℄, mixed
strangeness [6, 7, 8℄ and ertain nulear eet orretions [1, 3℄. In addition there is also a
laim of observation for S = −2 exoti pentaquarks [11℄, even though this laim annot be
reprodued [23, 24℄.
Critiism for the Θ+ laim also arises beause a fairly large number of experiments [12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22℄ did not nd any evidene for the Θ+. Most of these
experiments are high energy-high statistis experiments and they an fall into two ategories.
The rst ategory are the e+e− experiments [12, 13, 14, 15℄ and the seond ategory are the
hadron beam experiments [16, 17, 18, 19℄. The e+e− experiments do not present redible
hallenge to the existene of the Θ+ sine it is very unlikely to produe the Θ+ from these
experiments. The hadron beam experiments present more serious rebuttal evidene to worry
about, but like the e+e− experiments, without obvious prodution mehanism, the rebuttal
is not very onvining. It is also important to point out that the SAPHIR result [4℄ has
been ruled out by the reent CLAS g11 experiment [53℄. Details of analysis for the positive
results as well as the negative results for the pentaquark experiments an be found in [25℄.
From the theoretial point of view, QCD does not prohibit the existene of pentaquark
states. If there are any prejudies, we should expet the existene of the exoti states suh as
dibaryons, dimesons, glueballs and pentaquarks. For the pentaquark, the problems are where
to look for the states and how to distinguish them from the ordinary baryon resonanes.
Also if the states are very wide, the searh might be futile sine we will not be able to
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distinguish the resonanes from the bakground. After years of searhes with no results, the
ommunity seemed to give up when PDG after 1986 [26℄ dropped the setion on searhes
for pentaquarks. Reent interest for pentaquarks was sparked again after the announement
from Spring 8 experiment [1℄. The experiments were onduted with the guidane of the
hiral quark soliton model estimate by Diakonov et. al. [27℄, whih predited the existene of
a narrow baryon resonane with strangeness (S = 1) at mass around 1530 MeV. Critis for
this paper an be found in [28, 29℄. The paper also predited that the resonane has spin 1/2
and positive parity as predited by subsequent hiral soliton model works [30, 31, 32, 33℄.
A naive onstituent quark model will give a negative parity state [34℄, even though it is
also possible to have a positive parity state in a quark model if one introdues a P-wave
in the spatial wavefuntion [35, 36, 37℄. As for the spin of the Θ+, all theory paper to
our knowledge predits 1/2 and onsider spin-3/2 to be a heavier exitation state, see e.g.
Ref. [38℄.
The most puzzling issues from the theoretial point of view right now is the narrow width
of the Θ+. The hiral quark soliton model work by Diakonov et. al [27℄ did naturally predit
an anomalously narrow width for the Θ+. Some attempts also have been made in onstituent
quark models to explain the narrow width, e.g. [37, 39, 40℄. For an early review on these
theoretial issues see [41℄.
Clearly, to address the issues mentioned above, i.e. existene, spin-parity assignment and
width of the pentaquark, more dediated experiments are needed. Prodution mehanisms
are a key aspet in this study sine it has been argued that ertain proesses will not be
eetive to produe the pentaquark. Many eorts have been made in the past to study the
θ+ photo- and eletroprodution proesses [42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52℄, even
though most of the ross setion preditions have been ruled out by the reent JLAB g10
and g11 experiments [53, 54℄.
In this paper we make another eort to study the photoprodution mehanism for the
Θ+ using a Regge model, whih has been found to suessfully desribe the main features
of KΛ and KΣ photoprodution on the nuleon at .m. energies above 2 GeV [56, 57℄. In
setion II we disuss the theory of Regge exhange mehanism. We also disuss the relation
of the width to the photoprodution ross setion of the Θ+. In view of upoming high
resolution experiments [55℄, suh a link is needed to translate quantitatively an upper limit
on the photoprodution ross setion into an upper bound on the Θ+ width. In setion III
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we present the results of our alulation for the Θ+ photoprodution ross setions. We also
study photon asymmetry and deay angular distribution of the Θ+ photoprodution. We
lose with our onlusion in setion IV.
II. REGGE MODEL
At suiently high energies, above the nuleon resonane region, strangeness photo- and
eletroprodution reations (e.g. γp→ K+Λ, K+Σ) at forward angles are dominated by K
andK∗ Regge exhanges as has been proposed long time ago in Ref. [58℄, and studied in detail
in view of numerous reent strangeness photo- and eletroprodution data in Refs. [56, 57℄. It
was found in those works that the simple Regge model for open strangeness eletromagneti
prodution reations in terms of K and K∗ exhanges provides an eonomial desription
and simple explanation of the forward angle data for total .m. energy W > 2 GeV. It
surprisingly reprodues the gross features of the data, even for W < 2 GeV, hinting that a
sort of reggeon-resonane duality is at work.
In this work, our aim is to extend this model to the desription of the proess
γ(q) + N(pN) −→ K(pK) + Θ+(pΘ) . (1)
The Mandelstam variables for this proess are given by s ≡ (pN + q)2, t ≡ (q − pK)2, and
u ≡ (q − pΘ)2, satisfying s + t + u = M2N +m2K +M2Θ, with MN the nuleon mass, mK the
kaon mass, andMΘ the mass of the Θ
+
. In this work we take as value for the mass of the Θ+
the value MΘ = 1.54 GeV, onsistent with the experiments of Refs. [1, 2, 3, 4, 5, 6, 7, 8, 9℄.
Our desription of the reation (1) in terms of reggeized K and K∗ t-hannel exhanges is
aimed at the region of large s (W =
√
s > 2 GeV) and small −t (−t << s). We disuss
subsequently the t-hannel K and K∗ Regge exhange proesses for reation (1) as is shown
in Fig. 1.
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Figure 1: The dierent Regge exhange ontributions onsidered to desribe the photoprodution
reations with Θ+ nal state on a nuleon.
A. K Regge exhange
1. Spin-1/2 Θ+ Amplitude
The onstrution of the reggeized amplitude for the harged K-exhange proess to the
γn → K−Θ+ reation, as shown in Fig. 1, amounts to replae the usual Feynman pole
propagator for the kaon by a `Regge propagator' funtion, depending on both s and t, i.e.
PKRegge(s, t) as follows :
1
t−m2K
=⇒ PKRegge(s, t) =
(
s
s0
)αK(t) πα′K
sin(παK(t))
SK + e−ipiαK(t)
2
1
Γ(1 + αK(t))
. (2)
Suh a Regge propagator funtion eetively takes into aount the exhange of high-spin
partiles (in the t-hannel) whih lie on the K Regge trajetory αK(t) = α
0
K + α
′
K · t. For
the K, we use a standard linear trajetory in Eq. (2) :
αK(t) = 0.7 (t−m2K) , (3)
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whih was previously used in the analysis of strangeness photoprodution reations at high
energies [56℄. Furthermore, in Eq. (2), the mass sale s0 is typially taken as s0 = 1 GeV
2
,
and S = ±1 is the signature of the trajetory [59℄. For the kaon trajetory, the states with
JP = 0−, 2−, 4−, ... orrespond with S = +1, whereas the states with JP = 1+, 3+, 5+, ... or-
respond with S = −1. The gamma funtion Γ(1 + α(t)) suppresses poles of the propagator
in the unphysial region. As is well known from Regge theory [59℄, trajetories an be either
non-degenerate or degenerate. A degenerate trajetory is obtained by adding or subtrating
the two non-degenerate trajetories with the two opposite signatures. As an be seen from
the numerator of Eq. (2), this leads to trajetories with either a rotating (e−ipiα(t)) or a on-
stant (1) phase. In line with the nding of Ref. [56℄ for the harged K trajetory entering
in strangeness photoprodution proesses, we use the rotating phase in the following. This
orresponds with the so-alled strong degeneray assumption [59℄ in Regge terminology, and
amounts to replae in Eq. (2) the fator (SK+e−ipiαK(t))/2 by e−ipiαK(t). One an easily verify
that the Regge propagator redues to the Feynman propagator 1/(t−m2K) if one approahes
the rst pole on a trajetory (i.e. when taking t→ m2K in Eq. (2)).
In order to alulate the K Regge exhange ontribution to the Θ+ photoprodution am-
plitude as shown in Fig. 1, we have to speify the KNΘ+ vertex funtion. We subsequently
study this vertex for the ases of spin and parity assignments 1/2± and 3/2± of the Θ+
resonane.
• JP = 1
2
+
For the spin parity assignment of the Θ+ resonane given by JP = 1
2
+
, the KNΘ+
vertex an be written as :
LKNΘ = i gKNΘ
(
K†Θ¯γ5N + N¯γ5ΘK
)
, (4)
where K and N are the kaon and nuleon isospin doublet elds respetively, and where
Θ is the Θ+ isosinglet eld. The Lagrangian of Eq. (4) orresponds with the Θ+ being
a p-wave resonane in the KN system. With this Lagrangian, the deay width ΓΘ→KN
is given by :
ΓΘ→KN =
g2KNΘ
2π
|p¯K |
MΘ
(√
p¯2K +M
2
N −MN
)
, (5)
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where |p¯K | ≃ 0.267 GeV is the kaon momentum in the rest frame of the Θ+. To extrat
a value for gKNΘ, we need the experimental information of the width ΓΘ→KN , whih is
not known preisely at this moment but whose measurement is the subjet of several
planned dediated experiments, e.g. Refs.[55℄. To provide numerial estimates in this
work, we will use ΓΘ→KN = 1 MeV as the value for the width, whih is onsistent with
the upper limit for the width derived from elasti KN sattering [60℄. Evaluating
Eq. (5) with ΓΘ→KN = 1 MeV, we then extrat the value gKNΘ ≃ 1.056, whih will be
used in all of the following estimates for JP = 1
2
+
Θ+.
• JP = 1
2
−
For the spin parity assignment of the Θ+ resonane given by JP = 1
2
−
, the KNΘ+
vertex an be written as :
LKNΘ = gKNΘ
(
K†Θ¯N + N¯ΘK
)
, (6)
whih orresponds with the Θ+ being a s-wave resonane in the KN system. In this
ase, the deay width ΓΘ→KN is given by :
ΓΘ→KN =
g2KNΘ
2π
|p¯K |
MΘ
(√
p¯2K +M
2
N +MN
)
. (7)
Using ΓΘ→KN = 1 MeV as the value for the width, we obtain gKNΘ ≃ 0.1406, whih
will be used in the following estimates for JP = 1
2
−
Θ+.
Having speied the Regge propagator and KNΘ vertex funtion, we an onstrut the
gauge invariant reggeized harged K-exhange amplitude for the γn → K−Θ+ proess for
the spin-1/2 Θ+ as :
MK
(
γn→ K−Θ+ : JPΘ =
1
2
+
)
= e gKNΘ · PKRegge(s, t) · εµ(q, λ)
×
[
FK(t) · (2pK − q)µ · Θ¯ γ5N
− FΘ(u) · (t−m2K) · Θ¯ γµ
(γ · pu +MΘ)
u−M2Θ
γ5N
+ 2pµK · (Fˆ (s, t, u)− FK(t)) · Θ¯ γ5N
7
−
(
t−m2K
u−m2Θ
)
· 2pµΘ · {Fˆ (s, t, u)− FΘ(u)} · Θ¯ γ5N
]
,
(8)
MK
(
γn→ K−Θ+ : JPΘ =
1
2
−
)
= (−i) e gKNΘ · PKRegge(s, t) · εµ(q, λ)
×
[
FK(t) · (2pK − q)µ · Θ¯N
− FΘ(u) · (t−m2K) · Θ¯ γµ
(γ · pu +MΘ)
u−M2Θ
N
+ 2pµK · (Fˆ (s, t, u)− FK(t)) · Θ¯N
−
(
t−m2K
u−m2Θ
)
· 2pµΘ · {Fˆ (s, t, u)− FΘ(u)} · Θ¯N
]
,
(9)
where εµ(q, λ) is the photon polarization vetor with photon polarization λ = ±1. To
evaluate the Regge vertex funtions (Regge residues) away from the pole position, we inlude
the form fators FK(t), FΘ(u), and Fˆ in the amplitude formulas above. In our alulations,
we hoose monopole forms for FK and Fu :
FK(t) =
(
1 +
−t +m2K
Λ2
)−1
, (10)
FΘ(u) =
(
1 +
−u +M2Θ
Λ2
)−1
. (11)
For the ut-o Λ, we hoose a typial hadroni sale of Λ = 1 GeV. In Eqs. (8,9), the
terms proportional to FK are the t-hannel proess (top left diagram in Fig. 1), whereas
the terms proportional to Fu originate from the proess with the Θ
+
in the u-hannel (top
middle diagram in Fig. 1). In the Regge approah, this gauge restoring term is reggeized
in the same way as for the t-hannel proess, see e.g. Refs. [56, 61℄. In partiular, one
noties that at the K pole, the pre-fators (t−m2K) in the seond terms of Eqs. (8,9) exatly
ompensate the Regge funtion PKRegge, reduing these ontributions to standard u-hannel
pole terms. For the γp → K+(Λ,Σ) reations, it has been shown in Ref. [57℄ that this
gauge invariant reggeization proedure (for the ase where the form fators are absent),
by restoring the gauge invariane of the t-hannel harged kaon exhange proess through
proper reggeization of the s-hannel (for K+) or u-hannel (for K−) proesses, is a key
to reprodue several strangeness photo- and eletroprodution observables. The third and
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fourth terms whih ontain Fˆ are ontat terms whih are required by gauge invariane
when inluding form fators. The only restrition we applied to these terms is they should
not have poles at t = m2K and u = m
2
Θ. With this restrition, we an hoose the form :
Fˆ (s, t, u) = FK(t) + FΘ(u)− FK(t) · FΘ(u). (12)
Note that Fˆ − FK(t) is proportional to (t − m2K), whereas Fˆ − FΘ(u) is proportional to
(u−M2Θ), thus aneling the poles in the ontat terms.
2. Spin-3/2 Θ+ Amplitude
• JP = 3
2
+
For the spin parity assignment of the Θ+ resonane given by JP = 3
2
+
, the KNΘ+
vertex an be written as :
LKNΘ = gKNΘ
mK
{
Θ¯αgαβN
(
∂βK
)
+ N¯Θαgαβ
(
∂βK†
)}
.
The Lagrangian of Eq. (13) orresponds with the Θ+ being a p-wave resonane in the
KN system. In this ase, the deay width ΓΘ→KN is given by :
ΓΘ→KN =
g2KNΘ
2π
|p¯K |
MΘ
|p¯K |2
3m2K
(√
p¯2K +M
2
N +MN
)
.
Again using ΓΘ→KN = 1 MeV as value for the width, we obtain gKNΘ ≃ 0.4741, whih
will be used in the following estimates for JP = 3
2
+
Θ+.
• JP = 3
2
−
For the spin parity assignment of the Θ+ resonane given by JP = 3
2
−
, the KNΘ+
vertex an be written as :
LKNΘ = gKNΘ
mK
{
Θ¯αγ5Ngαβ
(
∂βK
)
+ N¯γ5Θ
αgαβ
(
∂βK†
)}
.
The Lagrangian of Eq. (13) orresponds with the Θ+ being a d-wave resonane in the
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KN system. In this ase, the deay width ΓΘ→KN is given by :
ΓΘ→KN =
g2KNΘ
2π
|p¯K |
MΘ
|p¯K |2
3m2K
(√
p¯2K +M
2
N −MN
)
.
Finally, using ΓΘ→KN = 1 MeV as value for the width, we obtain gKNΘ ≃ 3.558, whih
will be used in the following estimates for JP = 3
2
−
Θ+.
Having speied the KNΘ vertex funtion for spin-3/2, we an onstrut the gauge
invariant reggeized harged K-exhange amplitude for the γn → K−Θ+ proess for the
3/2− Θ+ as :
MK
(
γn→ K−Θ+ : JPΘ =
3
2
+
)
=
i e gKNΘ
mK
· PKRegge(s, t) · εµ(q, λ)
×
[
FK(t) · (2pK − q)µ · (pK − q)α · Θ¯αN
− FΘ(u) · (t−m2K) · Θ¯α γαβµ
(γ · pu +MΘ)
u−M2Θ
·Sβν · γνσρ (pK)σ · (pu)ρ
M2Θ
N
+ (t−m2K) · Θ¯α γαµν
(FΘ(u) · pK + FK(t) · pΘ)ν
MΘ
N
+ 2pµK · (Fˆ (s, t, u)− FK(t)) · pαK · Θ¯N
−
(
t−m2K
u−m2Θ
)
· 2pµΘ · {Fˆ (s, t, u)− FΘ(u)} · pαK · Θ¯N
]
,
(13)
MK
(
γn→ K−Θ+ : JPΘ =
3
2
−
)
=
−e gKNΘ
mK
· PKRegge(s, t) · εµ(q, λ)
×
[
FK(t) · (2pK − q)µ · (pK − q)α · Θ¯α γ5N
− FΘ(u) · (t−m2K) · Θ¯α γαβµ
(γ · pu +MΘ)
u−M2Θ
·Sβν · γνσρ (pK)σ · (pu)ρ
M2Θ
γ5N
+ (t−m2K) · Θ¯α γαµν
(FΘ(u) · pK + FK(t) · pΘ)ν
MΘ
γ5N
+ 2pµK · (Fˆ (s, t, u)− FK(t)) · pαK · Θ¯ γ5N
10
−
(
t−m2K
u−m2Θ
)
· 2pµΘ · {Fˆ (s, t, u)− FΘ(u)} · pαK · Θ¯ γ5N
]
,
(14)
with
Sβν = gβν − γβ γν
3
− (γβ (pu)ν − γν (pu)β)
3MΘ
− 2 ((pu)β(pu)ν)
3MΘ
.
Similar to the spin-1/2 ase, the form fators FK(t) and FΘ(u) have to be added to take
into aount the hange of oupling onstant gKNΘ away from the pole position. In the
alulation, we hoose the same forms of FK(t) and FΘ(u) for spin-3/2 as for the spin-1/2
ase. For the spin-3/2 ase we have to add the third, fourth and fth terms in Eqs. (13,14),
whih originate from the ontat diagrams to the t- and u-hannel proess to preserve gauge
invariant in the amplitude. In the Regge approah, this gauge restoring term is reggeized
in the same way as for the t-hannel proess, as disussed before for the spin-1/2 ase. We
also hoose the Fˆ (s, t, u) to have the same form as for the spin-1/2 ase.
B. K∗ Regge exhange
We next onsider the K∗(892) exhange proesses to both the γn → K−Θ+ and γp →
K¯0Θ+ reations as shown in Fig. 1. Note that for the γp→ K¯0Θ+ reation, K exhange is
not possible as the real photon does not ouple to the neutral kaon. Therefore, we expet
K∗ exhange to be the dominant t-hannel mehanism for the γp→ K¯0Θ+ reation.
The onstrution of the reggeized amplitude for the K∗-exhange proesses, amounts to
replae the K∗ pole by a `Regge propagator' funtion PK∗Regge(s, t) :
1
t−m2K∗
=⇒ PK∗Regge =
(
s
s0
)αK∗ (t)−1 πα′K∗
sin(παK∗(t))
S∗K + e−ipiαK∗ (t)
2
1
Γ(αK∗(t))
, (15)
For the K∗(892), we use a standard linear trajetory :
αK∗(t) = 0.25 + α
′
K∗ t , (16)
11
where α′K∗ = 0.83 GeV
−2
. Furthermore, we also onsider a degenerate trajetory for K∗
leading to a Regge propagator with rotating phase in Eq. (15), in line with our previous
ndings in the analysis of strangeness photoprodution reations at high energies [56℄.
To evaluate the K∗ proesses in Fig. 1, we next have to speify the K∗NΘ+ vertex
funtion. If the spin parity assignment of the Θ+ resonane is given by JP = 1
2
+
, the
K∗NΘ+ vertex an be written as :
LK∗NΘ = fK∗NΘ Θ¯
[
i σµν p
ν
K∗
MN +MΘ
]
N · V µ(pK∗) + h.c. , (17)
where V µ(pK∗) is the polarization vetor of the K
∗
meson. If the spin parity assignment of
the Θ+ resonane is given by JP = 1
2
−
, the K∗NΘ+ vertex is given by :
LK∗NΘ = −i fK∗NΘ Θ¯
[
i σµν p
ν
K∗
MN +MΘ
]
γ5N · V µ(pK∗) + h.c. . (18)
Using SU(3) symmetry for the vetor meson ouplings within the baryon otet and between
the baryon otet and antideuplet, one an express :
gρ0pp + fρ0pp =
7
10
(
V0 +
1
2
V1
)
+
1
20
V2, (19)
gωpp + fωpp =
1
10
(
V0 +
1
2
V1
)
+
23
20
V2, (20)
gφpp + fφpp = − 1
10
(
V0 +
1
2
V1
)
+
7
20
V2, (21)
fK∗0Θ+p =
3√
30
(
V0 − V1 − 1
2
V2
)
, (22)
where gV NN (fV NN ) are the vetor (tensor) oupling onstants respetively. First we use the
fat that gφpp + fφpp ≃ 0 [62℄, and solve for V2 in Eq. (21). Substituting this into Eqs. (19)
and (22), we an express the K∗NΘ oupling as :
fK∗0pΘ+ = (gρ0pp + fρ0pp)
3
√
3√
10
4/5− r
r + 2
, (23)
where r is dened as r ≡ V1/V0. By xing the ratio r to its value obtained in the hiral
quark soliton model [27℄ : r ≃ 0.35 and using the value gρ0pp + fρ0pp ≃ 18.7 [63℄, Eq. (23)
then leads to the oupling fK∗NΘ =≃ 5.9. Note that the value of fK∗0pΘ+ is very sensitive
to the value of the parameter r, as there is a strong anellation of various ontributions.
12
The ase of 1 MeV width of Θ+ indiates that this anellation an be very deep. The above
mentioned value obtained in the partiular dynamial model is subjeted to large theoretial
unertainties whih result in big spread in values of the oupling onstant. Here we assume
that the parameter r is lose to the value of its ounterpart for the axial transitions whih
orresponds with a width of Θ+ of about 1 MeV. This assumption yields :
fK∗NΘ ≡ fK∗0pΘ+ ≃ 1.1 , (24)
whih will be used for the oupling onstant entering in the verties of Eqs. (17,18) for both
parities of the Θ+.
The reggeized K∗ exhange amplitudes for both parities of the Θ+ are then given by :
MK∗
(
γp→ K¯0Θ+ : JPΘ =
1
2
+
)
= i e fK∗0K0γ fK∗NΘ · PK∗Regge(s, t) · εµ(q, λ)
× εµνλα qν (q − pK)λ Θ¯
[
i σαβ (q − pK)β
MN +MΘ
]
N , (25)
MK∗
(
γp→ K¯0Θ+ : JPΘ =
1
2
−
)
= e fK∗0K0γ fK∗NΘ · PK∗Regge(s, t) · εµ(q, λ)
× εµνλα qν (q − pK)λ Θ¯
[
i σαβ (q − pK)β
MN +MΘ
]
γ5N , (26)
and analogous formulas hold for the K∗ ontribution to the γn → K−Θ+ reation. In
Eqs. (25,26), the eletromagneti oupling fK∗Kγ an be extrated from the radiative deay
widths ΓK∗0→K0γ = 0.117 MeV, and ΓK∗−→K−γ = 0.05 MeV, yielding [56℄ :
fK∗0K0γ = 1.28 GeV
−1 , (27)
fK∗−K−γ = 0.84 GeV
−1 . (28)
Note that the K∗ t-hannel exhange amplitudes of Eqs. (25,26) are gauge invariant by
themselves.
III. RESULTS
In Fig. 2, we show our results for the dierential ross setion for the γn → K−Θ+
reation for the ases of spin-parity assignments 1/2± and 3/2± of the Θ+. Comparing the
13
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Figure 2: Regge model preditions for the γn → K−Θ+ ross setion at Eγ = 4 GeV for dierent
spin parity assignments of the Θ+. Dashed-dotted urves : gauge invariant K Regge exhange;
dotted urves : K∗ Regge exhange (for the ases of 1/2±). To aount for the range of unertainty
in the K∗NΘ oupling, we display the result for K+K∗ exhange for two values of the K∗NΘ ou-
pling onstant : fK∗NΘ = +1.1 (solid urves), and fK∗NΘ = −1.1 (dashed urves), orresponding
with a width ΓΘ→KN = 1 MeV.
ross setions for K Regge exhange for the ases of JP = 1/2±, one noties that the KNΘ
oupling onstant for the ase of a negative parity Θ+ is a fator 7 smaller than for the ase
of a positive parity Θ+. If there were only t-hannel K exhange, this would result in a ratio
of about a fator 50 for the ross setions of positive parity ompared to negative parity Θ+
photoprodution for the ase of a Θ+ of J = 1/2. The ross setion for JPΘ = 1/2
−
gets
enhaned though through the u-hannel Θ+ proess and the ontat diagrams, whih are
required to make the t-hannel harged kaon exhange proess gauge-invariant. They are
also responsible for the pronouned peak struture in the dierential ross setion at low
values of −t. For the ases of JPΘ = 3/2±, the situation is reversed, as the KNΘ oupling
onstant is about a fator 7 larger for the ase of 3/2− ompared with the ase of 3/2+ when
using a same width for the Θ+. Taking into aount the u-hannel and ontat diagrams
then yields ross setions for the ase of 3/2− whih are about a fator of 4 larger than for
14
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Figure 3: Regge model preditions for the γn→ K−Θ+ total ross setions for dierent spin-parity
assignments of the Θ+ resonane. Curve onventions as in Fig. 2.
the ase of 3/2+.
In Fig. 2, we also show our estimates for the K∗ exhange proess for the spin-parity
assignments 1/2±. To show the range of unertainty arising from the K∗NΘ oupling, we
display our results for two values : fK∗NΘ = +1.1 and fK∗NΘ = −1.1. The value fK∗NΘ =
+1.1 is obtained by resaling the hiral quark soliton model oupling for the ase JPΘ = 1/2
+
by the same amount as when resaling the model value of gKNΘ to orrespond to a width of 1
MeV. One noties from Fig. 2 that for a K∗NΘ oupling within this range, the resulting K∗
Regge exhange proess yields only a very small ontribution to the ross setion ompared
with the gauge-invariant K exhange, in partiular for the ase of 1/2+. Furthermore, in
the forward diretion the K∗ exhange proess vanishes due to the momentum (q − pK)
dependene in the γKK∗ vertex. Suh a behavior has been onrmed by data for the
γp → K+Σ0 reation whih is dominated by K∗ exhange at large s and small −t, see
Ref. [56℄. Analogously, the forward angular region (−t << s) for the γn→ K−Θ+ reation
at high photon energy is dominated by harged K exhange. At larger values of −t the
relative weight of K∗ versus K exhange inreases. Using the same values for the K∗NΘ
15
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Figure 4: Regge model preditions for the γn → K−Θ+ photon asymmetry at Eγ = 4 GeV for
dierent spin parity assignments of the Θ+. Curve onventions as in Fig. 2.
oupling in ase JPΘ = 1/2
−
, the K∗ exhange ontribution beomes omparable to the
gauge-invariant K exhange for values around −t ≃ 1 GeV2.
In Fig. 3, we show the orresponding total ross setions. Using a width of 1 MeV for
the Θ+, the maximum value of the total ross setions an be seen to be around 1 nb for
the ase of 1/2+ and 0.2 nb for the ase of 1/2−. For the ases of 3/2+ (3/2−) muh larger
ross setions of around 10 nb (55 nb) are obtained when using a same value of 1 MeV for
the Θ+ width.
A diret measure of the relative weight ofK versus K∗ exhange proesses an be obtained
by the linear photon asymmetry, dened as :
Σ =
σ⊥ − σ‖
σ⊥ + σ‖
, (29)
where σ‖ and σ⊥ are the ross setions indued by a linearly polarized photon beam with
polarization vetor lying in the reation plane (for σ‖) and perpendiular to the reation
plane (for σ⊥) respetively. At high s and small −t (with −t << s) the photon asymmetry
16
for a natural parity t-hannel exhange (suh as for the K∗) approahes the value +1 (i.e.
σ⊥ dominates), whereas the photon asymmetry for an unnatural parity t-hannel exhange
proess (suh as for the K) yields the value -1 (i.e. σ‖ dominates). The u-hannel proess
and ontat diagram, whih are needed to make the t-hannel K exhange gauge invariant
are responsible for the deviation of the photon asymmetry from the value of -1, as is seen on
Fig. 4. As the γn→ K−Θ+ proess at large s and low −t is dominated by K exhange, one
sees from Fig. 4 that the photon asymmetry rises sharply, at small −t, to a large negative
value for the ases of 1/2±. At larger values of −t (for −t ≥ 0.2 GeV2), one sees from Fig. 4
that the inuene of the K∗ exhange in the photon asymmetry shows up, in partiular for
the ase of 1/2−. The photon asymmetry seems therefore to be a very promising signature
to distinguish between the JPΘ = 1/2
+
and JPΘ = 1/2
−
ases.
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Figure 5: Regge model preditions for the γp → K¯0Θ+ ross setion at Eγ = 4 GeV for dierent
spin-parity assignments of the Θ+. Dotted urves : K∗ Regge exhange.
In Fig. 5, we show the orresponding observables for the γp → K¯0Θ+. For the neutral
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Figure 6: Regge model preditions for the γp→ K¯0Θ+ total ross setions for dierent spin-parity
assignments of the Θ+ resonane. Dotted urves : K∗ Regge exhange.
kaon prodution reation, the t-hannel K exhange is absent, and the dominant t-hannel
mehanism is K∗ exhange. One therefore sees from Figs. 5,7 that the observables arry the
signatures of a K∗ dominated proess, i.e. a dierential ross setion whih vanishes in the
low t region and a photon asymmetry whih reahes large positive values. By omparing
the proesses on the neutron (in Fig. 3) and on the proton (in Fig. 6), one noties that the
absene of the K exhange mehanism yields ross setions on the proton that are about a
fator 5 to 10 smaller than their ounterparts on the neutron for the ases of JPΘ = 1/2
±
.
We next study the sensitivity of single target or reoil polarization observables for the
γn → K−Θ+ reation, to the spin-parity assignments JPΘ = 1/2+ and JPΘ = 1/2−. The
single target spin asymmetry (T ) is dened as :
T =
σ⇑ − σ⇓
σ⇑ + σ⇓
, (30)
where σ⇑ (σ⇓) are the ross setions where the target spin is polarized along (opposite) to
18
00.2
0.4
0.6
0.8
1
Σ
0 0.2 0.4 0.6 0.8 1
-t (GeV2)
0
0.2
0.4
0.6
0.8
Σ
1/2-
1/2+
Figure 7: Regge model preditions for the γp → K¯0Θ+ photon asymmetry at Eγ = 4 GeV for
dierent spin-parity assignments of the Θ+. Dotted urves : K∗ Regge exhange.
the vetor nˆ ≡ (~q × ~pK)/|~q × ~pK |, normal to the reation plane. The reoil spin asymmetry
(P ) is dened in an analogous way, where the Θ+ has its spin polarized along or opposite
to the normal vetor nˆ. In Figs. 8 and 9, we ompare the Regge model results for T and P
for both Θ+ spin-parity assignments 1/2±. We rst notie that the observables T and P are
proportional to an imaginary part of the interferene of two amplitudes. Therefore, one only
obtains a non-zero value for T or P when the two interfering amplitudes exhibit a phase
dierene. The K exhange or the K∗ exhange proesses by themselves give us therefore a
zero value for the asymmetries T and P . Their sum however leads to a non-zero value for T
and P as shown in Figs. 8 and 9, due to the phase dierene between the K and K∗ Regge
amplitudes. We see from Figs. 8 and 9 that for JPΘ = 1/2
+
, T and P have an opposite sign.
On the other hand for the situation JPΘ = 1/2
−
, T and P display the same sign.
Besides the observables disussed above, where one integrates over all possible nal states
for the Θ+ deay, one an also observe the deay angular distributions of the Θ+. They show
a harateristi dependene on the spin and parity of the nal state. In the appendix, we
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Figure 8: Regge model preditions for the target single spin asymmetry T for the γn → K−Θ+
reation for both possible parities of the Θ+ resonane (for J = 1/2) at Eγ = 4 GeV. The model
alulations orrespond with the K +K∗ Regge exhanges for two values of the K∗NΘ oupling.
Solid urves : fK∗NΘ = +1.1, dashed urves : fK∗NΘ = −1.1.
list the Θ+ deay angular distributions for the spin-parity assignments 1/2± and 3/2±.
We show the deay angular distributions for dierent photon polarizations : unpolar-
ized (0) (Fig. 10), linearly polarized in the reation plane (x) (Fig. 11), linearly polarized
perpendiular to the reation plane (y) (Fig. 12), and left-handed irular polarization (,
left) (Figs. 13 and 14). For the spin-parity assignments of 1/2±, one noties that the deay
angular distributions (0), (x) and (y) display a nearly at angular dependene. The deay
angular distribution for a irularly polarized photon (, left) on the other hand, is at for
the ase of 1/2− but not uniform for 1/2+, allowing to distinguish between both parity ases.
All deay angular distributions show harateristi angular dependenes in the ase of 3/2±,
whih would be easily distinguishable from the 1/2± ase.
In Fig. 15, we also show our results for the γp → K¯∗0Θ+ reation. For this proess, the
dominant t-hannel exhange mehanism, at high s and low −t, is given by K0 exhange
as shown in Fig. 1 (lower right panel). This yields to strong forwardly peaked angular
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Figure 9: Regge model preditions for the reoil single spin asymmetry P for the γn → K−Θ+
reation for both possible parities of the Θ+ resonane (for J = 1/2) at Eγ = 4 GeV. Curve
onventions as in Fig. 8.
distributions, as is seen from Fig. 15. For a Θ+ width of 1 MeV, the 1/2+ (1/2−) total ross
setions reah a maximum value of 1.2 nb (0.2 nb) respetively.
IV. CONCLUSIONS
In this work, we studied the reation mehanism for the photoprodution of the Θ+(1540)
resonane on the nuleon, through K and K∗ Regge exhanges. Our estimates depend on
only two parameters : the KNΘ+ and K∗NΘ+ oupling onstants. The KNΘ+ oupling
onstant is diretly related to the Θ+ width. We determine the K∗NΘ+ oupling onstant
by resaling the value obtained from the hiral quark soliton model by the same amount one
has to resale the KNΘ+ oupling to yield a given value of the Θ+ width.
In the Regge model, whih is assumed to be valid above .m. energies above 2 GeV, the
Θ+ photoprodution ross setions show a strong forward angular dependene. We ompared
the size of the ross setions for the γn→ K−Θ+ and γp→ K¯0Θ+ reations, and investigate
21
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Figure 10: Regge model preditions for the γn → K−Θ+ angular distribution for an unpolarized
photon (0) for dierent spin parity assignments of the Θ+, and for dierent deay angles (θ, φ),
dened in the rest frame of the Θ+. Dashed-dotted urves : K Regge exhange; dotted urves :
K∗ Regge exhange; solid urves : K +K∗ Regge exhanges.
their sensitivity to the spin-parity assignments JP = 1
2
±
, 3
2
±
for the Θ+ resonane. Using
the Regge model, we estimated the ross setions orresponding with a given upper bound
on the width of the Θ+. Within this model, the ross setions on the neutron were found
to be around a fator 5 larger than the ones on the proton, due to the presene of harged
K exhange for the reation on a neutron target. For the ase of spin-parity JP = 1
2
+
, we
found that a Θ+ width of 1 MeV yields γn → K−Θ+ ross setions of around 1 nb, and
γp → K¯0Θ+ ross setions around 0.2 nb. In the absene of a signal of the Θ+ in suh
reations, our estimates may be used to translate a given ross setion upper limit into an
upper bound on the width of the Θ+.
Furthermore, we also estimated the photon asymmetry whih was found to display a
pronouned sensitivity to the parity of the Θ+. Provided the Θ+ an be produed, the
photon asymmetry would be a very promising observable to help determining the quantum
numbers of the Θ+ resonane.
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Figure 11: Regge model preditions for the γn→ K−Θ+ angular distribution for a photon linearly
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Appendix A: DECAY ANGULAR DISTRIBUTION
After produed, the Θ+ deays into K¯0p or K+n in 50% ratio. The angular distribution
of the deay produt (Kaon) an be determined by:
W (θ, φ) =
∑
sf ,s
′
f
;sθ,s
′
θ
Rˆsf ,sθρsθ,s′θ(Θ
+)Rˆ∗s′
f
,s′
θ
=
∑
sθ,s
′
θ
{Rˆ− 1
2
,sθ
ρsθ ,s′θRˆ
∗
− 1
2
,s′
θ
+ Rˆ 1
2
,sθ
ρsθ,s′θRˆ
∗
− 1
2
,s′
θ
+Rˆ 1
2
,sθ
ρsθ,s′θRˆ
∗
1
2
,s′
θ
+ Rˆ− 1
2
,sθ
ρsθ,s′θRˆ
∗
1
2
,s′
θ
} , (A1)
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Figure 12: Regge model preditions for the γn→ K−Θ+ angular distribution for a photon linearly
polarized perpendiular to the reation plane (y) for dierent spin parity assignments of the Θ+.
Curve onventions as in Fig. 10.
where the transition operator Rˆsf ,sθ is dened as follow:
Rˆsf ,sθ ≡ 〈N, sf ,Pθ − p′|tˆ|Θ+, sθ,Pθ = 0〉 , (A2)
and the photon density matrix elements ρsθ ,s′θ in the Θ
+
prodution an be obtained by
squaring the amplitudeMK (γN → Θ+K) of the orresponding spin of the Θ+ and summing
over the spin of the nuleon and the heliity of the photon.
The transition operator Rˆsf ,sθ depends on the spin of the partiles involved. Below is the
list of the transition operator Rˆsf ,sθ we use in this paper:
• JP = 1
2
−
Rˆsf ,sθ = Cδsf ,sθ
• JP = 1
2
+
Rˆ 1
2
, 1
2
= cos θ
Rˆ 1
2
,− 1
2
= −sin θ e−iφ
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